We discuss a new mechanism by which catalytic chemical vapor deposition of graphene spontaneously terminates at a single-layer on Pt foils. This self-limited growth regime was identified by direct imaging of adlayer graphene evolution using in situ environmental scanning electron microscopy. Our data reveal that adlayer formation occurs by two fundamentally different nucleation events. Primary nucleation is the standard nucleation that occurs only at the onset of growth. We report the first observation of secondary nucleation of adlayer graphene that occurs near full coverage, by merging and coalescence of single layer domains. From the onset of growth, the bottom layer coupled to Pt always grows faster than the adlayers. The most important result revealed by this work is that the dynamic equilibrium between the forward reaction of carbon incorporation and the reverse reaction of graphene etching is layer specific and gives rise to a spontaneous reversal of adlayer evolution from growth to etching. The growth reversal has important practical benefits. It creates a self-limited growth regime in which all adlayer graphene is removed and enables large scale production of 100 % single layer graphene.
Introduction
Nucleation processes at surfaces play a crucial role in the growth of crystals and thin films. Knowledge about the relation between growth kinetics and nucleation behavior is specifically important in the case of two-dimensional materials such as graphene, where in-plane nucleation influences the quality of the film and the addition of each individual layer induces discrete changes in the electronic structure. The development of growth methods capable of achieving complete layer termination with atomically sharp interfaces has been a longstanding challenge in practical thin film growth. A growth mode that can potentially achieve complete coverage in epitaxial thin film growth is known as layer-by-layer (LBL) or Frank-van der Merwe growth. In actual film growth, a breakdown of LBL growth results in nucleation of islands on top of the growing layer before it reaches full coverage.
Graphene is a prototype 2D material, and graphene growth represents a model system for understanding 2D growth processes. The most widely applied method for the production of single-layer graphene (SLG) and vertically stacked few-layer graphene (FLG) is based on metal catalyzed chemical vapor deposition (CVD) growth. [1] [2] [3] [4] [5] [6] Among the various catalysts that are used for this process, Pt offers a quite large parameter space for SLG/FLG growth, stemming from its high catalytic activity for hydrocarbon dissociation. 7 Indeed, undesired formation of carbon layers on platinum nanoparticles and carbon coking is a long standing problem in the field of hydrocarbon catalysis. 8 Owned to the high catalytic activity, the growth of purely single layer graphene on Pt has been extremely challenging. Formation of FLG has been reported even when using highly diluted hydrocarbon feeds with hydrocarbon to hydrogen ratios of 4:700.
2 Industrial scale production of single layer graphene requires a robust control over the formation of adlayers and thus, mechanistic insight on the underlying kinetic processes. In this respect, methods that enable direct spatiallyand time-resolved observation of graphene growth have dramatically accelerated our understanding of 2D growth.
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We recently demonstrated the power of in situ SEM imaging for the study of graphene growth under controlled atmosphere and relevant catalytic CVD conditions. 23-26 It enables real-time observation of the complete CVD growth process including substrate annealing, film nucleation and growth and finally, growth termination and substrate cooling at variable magnification and nm scale lateral resolution.
Using this instrument, we are able to reveal, for the first time, two fundamentally different mechanisms of adlayer formation, their respective growth regimes and stability limits. We show that adlayers either nucleate simultaneously with SLG on surface steps or defects during primary nucleation at the onset of growth, or form by secondary nucleation during the merging and coalescence between already growing single layer domains. Direct observation of layer dependent growth kinetics under different growth conditions reveals how the evolution of adlayers is controlled by diffusion processes and related to the interaction between the first layer and the substrate.
We show that the competition between the forward reaction step of growth and the reverse reaction step of graphene etching eventually results in complete removal of all adlayers, all the while the base layer in contact with Pt continuous growing. The growth reversal and etching of adlayers is of practical significance. It enables the complete removal of adlayer graphene and ensures that graphene growth is terminated at a single layer across the entire growth surface.
Results and discussion
Prior to CVD growth, polycrystalline Pt foils were annealed under 25 Pa H2 atmosphere at 900 °C for up to 24 hours in order to remove surface contaminations and to increase the size of the platinum grains (see Supplementary Movie M1). The long annealing time is required in order to remove bulk dissolved carbon to a degree at which no more precipitation of carbon from the bulk can be observed during cooling. After annealing, CVD graphene growth was induced by adding C2H4 to the H2 flow.
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Graphene growth
Formation of graphene can generally be observed after an induction period during which the surface of the metal catalyst supersaturates in growth species. 24,27 For a given temperature, the nucleation density is strongly depending on the C2H4/H2 ratio (See Supplementary Figure 1) . 28 During growth, each graphene domain expands through the attachment of carbon species at the growth front. 9 For growth at 900 °C on polycrystalline Pt, we observed a grain dependent growth behavior. It is characterized by a variation in the induction period, nucleation density and growth speed, and is a consequence of the grain orientation dependent surface structure and associated catalytic properties of Pt. 28 Furthermore, a characteristic grain orientation dependent growth of similarly shaped and aligned domains can be observed (See Supplementary Figure 2) . The anisotropic growth behavior is induced by graphene edge attachment at Pt steps and a different growth speed along and across terraces and thus, a consequence of the Pt surface structure (See Supplementary Figure 3) . 23 Similar anisotropic growth behavior was observed in graphene grown on ruthenium 4 and associated with orientation dependent diffusion processes. 29 Because of the high catalytic activity, there is a large parameter space in which graphene growth on Pt proceeds in the attachment limited regime. 30 In this regime, the net number of carbon atoms that are attached to an island per unit time is proportional to its perimeter, and the radial growth rate is constant along the different growth directions (see Supplementary   Figure 3) . A clear sign of attachment-limited growth is that the growing islands maintain their specific polygonal shape with smooth edges and sharp vertexes throughout the growth.
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Adlayer formation:
Besides single layer graphene, the formation of few-layer graphene is frequently observed during CVD growth. In order to study the mechanisms of adlayer formation, we performed experiments under two different growth conditions.
Under quasi-equilibrium conditions, graphene growth is very slow. In this case, the hydrocarbon flux is set to the minimal value required to achieve surface supersaturation, nucleation and growth of graphene. Under these conditions, the rate of growth species production by catalytic decomposition on the Pt substrate just slightly exceeds the rate of their loss from the surface due to desorption and gasification. In our set-up, quasi-equilibrium growth was achieved by a slow and step-wise increase of the C2H4 flow until graphene growth could be observed at a C2H4/H2 flow ratio of ~ 0.1:10 sccm and a total pressure of 25 Pa. The resulting radial growth speed of graphene domains, measured by real-time imaging, was below 10 nm/s.
A roughly tenfold increase of the C2H4:H2 ratio to 1.2:10 sccm at a total pressure of 25 Pa at 900 °C generates a more than 50-fold increase in the growth rates of > 500 nm/s, and a different growth regime that we refer to as non-equilibrium growth.
Primary adlayer nucleation
The slow growth rate of graphene under quasi equilibrium conditions enables unobscured observation of isolated islands, and is ideally suited for real-time imaging of adlayer formation and evolution.
FLG islands appear at the onset of growth, simultaneously with the dominant appearance of SLG domains. They can be distinguished from SLG on the based on their strong contrast. When they first appear in the SEM image as small dark dots after nucleation, the outline of the individual layers in the vertical FLG stack cannot be resolved.
With time of growth, however, the individual layers become visible. An apparent difference in their respective growth rates gives rise to a lateral separation of the growth fronts and thus, to identifiable steps in SEM image Adlayer nucleation at surface steps is the only mechanism observed under quasi-equilibrium growth conditions and schematically shown in Figure 3a . 
Secondary adlayer nucleation
In the case of non-equilibrium growth conditions, however, two additional mechanism of adlayer formation could be identified. They are both related to processes that occur during the merging and coalescence of adjacent SLG domains at a later stage of growth. They are thus referred to as secondary adlayer nucleation. In the case of cooriented single layer domains growing on the same Pt grain, the merging of parallel growth fronts can give rise to the initiation of a single adlayer. The fact that only one adlayer is formed, combined with the observation that the newly formed layer grows concentrically in all directions, leads us to the conclusion that it nucleates from a defect at the grain boundary between the two coalescing SLG domains. This is the second mechanism and exemplified in Figure 3b . Alternatively, the adlayer could be formed through a continued growth of either of the two or both SLG sheets if one of them locally overgrows the other one. Depending on the details of the merging process, one or more screw dislocations would then be induced, giving rise to the initiation of a single or double spiral and thus, the formation of multiple adlayers. This is the third mechanism of adlayer formation and exemplified by in situ observations shown Figure 3c .
Since surface steps on a Pt grain can have different orientations, nucleation at steps and growth along step edges can give rise to variations of the in-plane orientation between different graphene islands growing on the same Pt grain. 32, 33 In the case of domains that are slightly rotated with respect to one another, the merging of growth fronts seems to preferentially lead to screw-dislocation induced growth of adlayers, while events in which only a single adlayer is formed, are relatively rare. A similar mechanism of dislocation-driven few layer growth has been reported for other two-dimensional materials. [34] [35] [36] [37] The fact that the 2 nd and 3 rd type of adlayer formation is not observed under quasi-equilibrium growth conditions is a consequence of the reduced local concentration of growth species. Indeed, the Pt catalyst in the local surrounding is already covered by the merging SLG domains. Only under non-equilibrium growth conditions, carbon growth species are sufficiently abundant to support growth of one or more adlayers by diffusion across the surface of the merged SLG domains. Nucleation of a single adlayer during the merging of two SLG islands with parallel growth fronts (c) Screwdislocation induced formation of several adlayers. A schematic drawing of a cross-section through a screw dislocation based on TEM observations on GaN. 38 While adlayer formation according to (b) and (c) are only observed under non-equilibrium growth, simultaneous nucleation of several adlayers at a step is observed under both, quasi and non-equilibrium growth. The number of layers can be abstracted by comparing the contrast in the images with the contrast legend in (a). Scale bars, 2µm (a); 5µm (b, c).
Adlayer evolution
Direct observation of FLG growth reveals an interesting behavior that further helps understanding the underlying growth mechanism. Continuous imaging during experiments in which the temperature, pressure and gas feeding were kept constant, showed that the initial growth phase of FLG is followed by a phase during which the adlayers are shrinking (see Figure 4 and Supplementary Movie M5). Under both, quasi-and non-equilibrium growth conditions, the evolution of adlayers can thus be divided into a growth and an etching phase.
In the case of quasi-equilibrium growth, the transition from growth to etching is observed once the lateral distance between the adlayer growth front and the growth front of the first layer reaches around 2-5 µm (Figure 4a-c and 5b show the typical evolution of perimeter and area of a second-layer graphene island during extended exposure to quasi-equilibrium growth conditions. In the initial phase, adlayers grow in the attachment-limited regime and show a linear increase of the perimeter and a corresponding square-function like onset of the areal growth curve (Figure 4a ). After the initial phase, the growth curve exhibits an inflection point and characteristics of a sigmoidal function (see also Figure 1e ). The reason for the different growth behavior of the first and the adlayer sheets lies in their different initial growth speed. The first layer, which is in direct contact with the catalyst, has a lower energy due to the strong coupling with the Pt. 23 As a consequence, it grows substantially faster than the adlayers (see also Figure 1 ). Thus, the lateral distance between the adlayer growth front and the exposed active Pt catalyst increases with growth time. Accordingly, the number of growth species that reach the adlayer growthfront via diffusion across the surface of the first layer, decreases with time. This conclusion is underlined by the fact that the size difference between the adlayers decreases with adlayer number, pointing towards an exponential decay of growth species concentration with radial distance from the uncovered Pt substrate (see Fig. 1a, 3a) . The diffusion and lifetime of growth species on the surface of graphene is thus the rate-limiting factor for the growth of adlayers, while the upwards hopping of growth species from layer to layer one does not seem to play a significant role. Since the competing hydrogen etching proceeds at relatively constant rate and is far less sensitive to the coverage of the catalyst, there is a point at which etching compensates the growth of adlayers. Further growth of the base layer causes the net etching speed of ALG to increase until it finally enters the detachment-limited regime that is characterized by constant reduction of the perimeter as shown by the green line in the inset of Figure 4b . and inset in 4c). With increasing coverage of the catalyst, the rate of growth species production decreases. At the same time, the diffusion distance from the active catalyst to the adlayer growth fronts increases. Both together give rise to a slowing down of the growth speed and the observed sigmoidal growth behavior of the adlayers. Switching from growth to etching occurs once the rate of growth species attachment and hence, the forward direction of adlayer growth drops below the rate of carbon removal by hydrogen etching. The reversal from growth to etching occurs for the adlayer while the base layer is still growing. As can be seen in Figure 4d , the etching rate in terms of the areal change of the adlayer and thus, the number of carbon atoms gasified from the ALG per time, is roughly constant at the beginning of the adlayer etching phase. Under continued feeding of C2H4 and H2, a dynamic equilibrium will be established between the chemical potential of the gas phase and the one of the carbon species on the surface. The dynamic equilibrium is maintained until etching starts to be detachment limited. This happens when the integral sum of all adlayer perimeters, where etching takes place, falls below the value that is required to maintain the dynamic equilibrium. At this point, the etching rate at individual adlayers increases until etching gets detachment limited (the regime where the radius decreases linearly in Figure 4d ).
In both, quasi-and non-equilibrium growth conditions, it is the drop of the forward reaction against a competing, fairly constant reverse reaction that ultimately leads to the disappearance of all adlayers. This is shown for the case of non-equilibrium growth conditions in Figure 5 . Image 5a was recorded just before the polycrystalline Pt foil was completely covered by graphene. Image 5b shows an overview image containing the same region after complete etching of all adlayers after prolonged exposure to C2H4/H2 feeding. It is very important to note that the delicate balance between growth and etching is layer dependent. While one of the advantages of direct industrial relevance is the possibility of producing purely single-layer graphene at full or partial coverage, we observed another important aspect. Indeed, the delicate balance between growth and etching has further implications. Close to full coverage, when growth species production is low, etching can attack weakly bound carbon atoms at grain boundaries and defects in the first layer. However, as soon as the catalyst is locally re-exposed, reactive growth species will be generated that tip the balance in favor of growth. This spontaneous back-and-forth cycling between etching of weakly bound carbon at defects and re-growth of stable graphene can be used for defect healing and the shifting of grain boundaries. In summary, we use real-time imaging during graphene CVD to observe a self-limited regime for single layer graphene growth on Pt foils. We reveal two fundamentally different types of graphene adlayer nucleation events.
In addition to the standard primary nucleation process that occurs at the onset of growth, we report the first observation of secondary nucleation in graphene growth. Secondary nucleation is important because it is the result of dynamic interactions between already growing SLG domains, and because it occurs late, near full coverage, secondary nucleation events are likely to be the dominant factor leading to multilayer graphene growth on very clean surfaces. We show that the overall reaction outcome is determined by a dynamic equilibrium that sets up between the forward reaction step of graphene growth and the reverse reaction step of etching. If the dynamic equilibrium is tipped in favor of growth, the first layer that is in contact with the Pt surface grows faster than any of the adlayers. In contrast, adlayer growth gradually slows down, and while the bottom layer continuous to grow, the adlayers reverse direction and start etching and eventually, completely disappear. This growth reversal has an important practical consequence. It enables complete removal of adlayers and ensures that graphene growth is perfectly terminated at a single layer. The critical precondition for creating this dynamics for perfect single-layer graphene termination is a stronger coupling between the Pt surface and the first layer, than the interlayer coupling between the adlayers. This self-limiting growth can be easily realized on other metals that are characterized by similar or stronger graphene-surface coupling than Pt, such as Pd, Ru, Ir and Rh. [41] [42] [43] [44] [45] [46] [47] The dynamical features of this self-limiting growth mechanism are material independent, and can be implemented in any intrinsically layered growth that is typical for van der Waals type two-dimensional materials.
